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Recently, mass spectrometry has been applied to studies of hydrogen exchange of backbone
amides, allowing analysis of large proteins at physiological concentrations. Low resolution
spatial information is obtained by digesting proteins after exchange into D2O, using electro-
spray ionization liquid chromatography/mass spectrometry (ESI-LC/MS) to measure deu-
teration by mass increases of resulting peptides. This study develops modeling paradigms to
increase resolution, using the signal transduction kinase ERK2 as a prototype for larger, less
stable proteins. In-exchange data for peptides were analyzed by nonlinear least squares and a
maximum entropy method, distinguishing amides into fast, intermediate, slow, and nonex-
changing classes. Analysis of completely nonexchanging or in-exchanging peptides and
peptides with sequence overlaps showed that nonexchanging amides were generally hydro-
gen bonded and sterically constrained or buried $2.2 Å from the protein surface, while fast
exchanging hydrogens were generally exposed at the protein surface. In order to more fully
understand the intermediate and slow exchanging classes, an empirical model was developed
by analyzing published exchange rates in cytochrome c. The model correlated protection
factors with a combined dependency on surface accessibility, hydrogen bond length, and
position of residues from alpha helix ends. Together with analysis of partial proteolytic
products, the derived rules for exchange allowed modeling of exchange behavior of peptides.
Substantial deviation from the predicted rates in some cases suggested a role for conforma-
tional freedom in regulating fast and intermediate exchanging amides. (J Am Soc Mass
Spectrom 1999, 10, 685–702) © 1999 American Society for Mass Spectrometry
Hydrogen exchange of proteins with deuteriumfrom D2O can be used to probe folding anddynamics of proteins in solution [1–4]. Direct
measurements of exchange rates at individual amides
can be made by NMR, an approach which has proven
useful for investigating folding and binding processes
of small proteins or protein domains [5]. However,
NMR applications are usually limited to small proteins
(,20 kDa) which are soluble at high concentrations, and
generally provide information on exchange rates less
than ;0.5 min21. Mass spectrometry enables measure-
ment of hydrogen exchange rates on physiological
concentrations of protein without limitations on protein
size [6, 7]. Although mass spectrometric approaches
have greater difficulty in assigning rate constants to
specific amides, spatial resolution within a protein can
be achieved by digestion to peptides. To accomplish
this, the in-exchange reaction is quenched by rapid
cooling and acidification, which slows back-exchange at
the backbone amides by many orders of magnitude.
The protein is then rapidly digested with pepsin, which
is active in acid, and separated and analyzed by ESI-
LC/MS [8–10] or more recently by matrix-assisted laser
desorption ionization (MALDI) TOF MS [11]. During
analysis by high-performance liquid chromatography
(HPLC), the rapidly exchanging hydrogens on the
amino acid side-chains revert to hydrogen; rarely, slow
exchange at the imidazole NH of histidine or indole NH
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of tryptophan has been observed, for example, in heme-
liganded side chains of hemoglobin [12]. Sample han-
dling requirements typically limit measurement of rates
to k , 20 min21, although rapid quench techniques can
extend this 10-fold higher [13].
Structural features of proteins which control ex-
change rate behavior are incompletely defined. In short,
unstructured peptides, exchange rates at the backbone
amides reflect the intrinsic rates of exchange deter-
mined primarily by the inductive effects from side
chains of pairs of residues contributing to each peptide
bond [14, 15]. In contrast, most amides buried within
proteins have exchange rates significantly slower than
the intrinsic rate, with protection factors ranging up to
1010 [e.g., 12, 16–18]. Both solvent accessibility and
participation in hydrogen bonds have been implicated
in this restriction. It is clear that amides showing no
solvent access in X-ray structures are still able to ex-
change. To account for this, proposed mechanisms
include the presence of small openings or mobile de-
fects in the protein structure that allow diffusion of D2O
into the protein [19, 20], or local unfolding of protein
structure or global unfolding mechanisms [16, 21–24].
All of these mechanisms can be viewed as different
limiting conditions of the same phenomenon, in which
changes in solvent accessibility occur due to large or
small amplitude fluctuations of proteins around the
native state [25]. Thus, an important application of
hydrogen exchange mass spectrometry is in under-
standing the dynamic behavior of proteins in solution.
It is also clear that amide hydrogen bonding contributes
to restriction of exchange [2, 3, 9, 12], and that the
protein secondary structure is an important determi-
nant; thus amides in b sheets and a helices are protected
from exchange. However, the relationship between
protection and hydrogen bonding or solvent access has
not been quantified, and these studies contain little
information on faster exchange rates which are less
easily measured by NMR.
Deuterium exchange mass spectrometry of pepsin
digested proteins is well suited to examining conforma-
tions of larger proteins. Most deuterium exchange stud-
ies have examined small, very stable proteins, and it is
not understood how well that information translates to
larger, less stable proteins which will likely show more
complex dynamic behavior relevant to their function.
We used deuterium exchange mass spectrometry to
characterize the solution properties of ERK2, a protein
kinase of 42 kDa which serves as a model of a larger
enzyme. Protein kinases are the most common class of
enzyme in the eukaryotic cell and play pivotal roles in
cell regulation. All are structurally similar in their
conserved catalytic domains, but diverse in structure at
their N- and C-terminal ends [26]. ERK2 is activated
through conformational changes in the catalytic domain
and nonconserved regions upon phosphorylation cata-
lyzed by an upstream activating kinase. It thus func-
tions as a molecular switch, enabling it to play a central
role in mammalian signaling pathways under growth
factor control [27].
In this study, we discuss factors to consider in
deuterium exchange mass spectrometry experiments,
using the unphosphorylated inactive form of ERK2 as
an example. In addition, observed rate constants for
exchange are correlated with surface accessibility and
hydrogen bonding patterns in the reported X-ray struc-
ture [28]. We show that models for exchange of indi-
vidual amides can be constructed for some regions of
the protein, enabling evaluation of the extent to which
hydrogen bonding and surface accessibility account for
the pattern of deuterium exchange.
Experimental
Protein Preparation
(His)6-tagged rat ERK2 was expressed in E. coli and
purified by Ni12-nitrilotetraacetic acid chromatography
[29] followed by dialysis against 20 mM Tris pH 8, 50
mM NaCl, 1 mM dithiothreitol, then readsorbed onto
Co12 metal affinity resin (Talon, Clontech), and eluted
with 10 mM Hepes pH 7.4, 115 mM imidazole, 0.1%
2-mercaptoethanol. The protein was then purified to
homogeneity on Mono Q FPLC chromatography, equil-
ibrated with 10 mM potassium phosphate pH 7.4, 1 mM
dithiothreitol and eluted in the same buffer containing
KCl. Peak fractions were pooled and concentrated 2.5-
fold by speed-vac centrifugation (without freezing) to
yield ERK2 at 0.5 mg/ml in 25 mM potassium phos-
phate pH.7.4, 125 mM KCl, 2.5 mM dithiothreitol,
which was then frozen at 280 °C in 50 mL aliquots. Each
aliquot was sufficient for five deuterium exchange mass
spectrometric analyses and was used within 3 h of
thawing.
Deuterium Exchange Measurements
In-exchange was initiated by diluting 10 mL (0.5 mg/
ml) of ERK2 at 0 °C into 90 mL D2O (Sigma) at 10 °C, as
previously described [30], quenching the reaction by
cooling and acidifying with 90 mL quench buffer (25
mM citrate, 25 mM succinate pH 2.4 in H2O at 0 °C)
before adding 10 mL pepsin (Sigma, 0.4 mg/ml in H2O)
at 0 °C. We previously showed that precooling samples
in a 215 °C bath during acidification, and minimizing
sample handling by carrying out digestions in the
HPLC loading loop significantly reduced back-ex-
change [30]. The HPLC injection loop, a solvent precool-
ing coil, and the column (directly attached to the
injection loop) were submerged in a tightly packed
ice/water slurry, and transfer syringes were wrapped
with insulating tape and precooled on ice before use.
However, this protocol often led to freezing of D2O in
the loading loop. To minimize this problem in the
current study, the temperature of the precooling bath
was held at 210 °C. After precooling for 5 s, samples
were acidified and incubated further for 15 s, then
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transferred to ice where pepsin was immediately added
and samples injected into a 1 mL polyether ether ketone
(PEEK) injection loop (Rheodyne) rinsed with 0.05%
trifluoroacetic acid (TFA)/H2O. All connections and
column components were PEEK, Teflont, or glass.
One minute after protease addition, the injector was
rotated to inject the digest onto a hand-packed 500 mm
capillary HPLC column (11–16 cm, POROS R120, Per-
Septive) equilibrated in 0.05% TFA/H2O. Flow rate was
40 mL/min, provided by an ABI 140B HPLC pump, and
loading continued for 5 min, at which time the injector
was returned to the load position. While the column
washed, the injection loop was rinsed with 2 mL of
water to remove any microcrystals of D2O, and a step
gradient was loaded into the loop (40 mL 50% acetoni-
trile, then 17.5 mL each of 40, 35, 30, 25, 22.5, 20, 17.5, 15,
12.5, 10, and 7.5% acetonitrile in 0.05% TFA/H2O). After
a 6 min wash, the flow rate was reduced to 20 mL/min,
the injection valve was switched to allow the gradient to
flow through the column, and the column was connected
to the mass spectrometer for data collection. Peptide
elution was complete after 10 min; thus, 23 min elapsed
between acidification and complete data collection.
A zero time control was performed to measure
extent of artifactual in-exchange occurring after acidifi-
cation and during pepsinization, in which quench
buffer was added to protein before D2O, with a final
ratio of D2O to acidic buffer of 1:1(v/v), as used in
experimental samples. 10 mL of protein was added to 90
mL of quench buffer at 0 °C, and in a separate tube, 90
mL of D2O was equilibrated at 10 °C. The acidified
protein mixture was transferred to the 210 °C bath,
followed by immediate addition of the D2O sample, and
subsequent steps were carried out as described above.
To measure the back-exchange occurring during the
washing of the HPLC column and elution of the pep-
tides, the time of washing was varied (6, 12, 30 min) for
three otherwise identical samples that were deuterated
for 30 min. The percentage deuteration [100 3 (Mobs 2
Mcalc)/(total number of backbone amides)] was plotted
versus washing time, from which a slope of 21.0 6
0.3% was measured as an estimate of the increase in
back-exchange with time.
Data Analysis
Mass determinations were performed on an API-III1
triple quadrupole mass spectrometer (Perkin Elmer
Sciex), with the plenum chamber at 24–25 °C, as previ-
ously described [30]. Peptides were sequenced by LC/
MS/MS following pepsin proteolysis under conditions
identical to those used for the deuterium exchange
experiments, except that D2O was omitted. MS and
tandem mass spectrometry (MS/MS) spectra were an-
alyzed using PE Sciex software (MacSpec and MacBio-
Spec), and data were plotted for publication using
CricketGraph 1.3 (Cricket Software) and SigmaPlot 4.16
(Jandel Scientific).
For each deuteration time point, peptide ions in each
LC/MS were located using the extract ion module of
MacSpec, using a m/z range that included all deuter-
ated forms of each peptide. Scans were summed to
produce a spectrum for each ion, and resulting ion
spectra were smoothed 3–10 times. The masses of the
MH11 ions were determined as the weighted average
mass of the isotope peaks, assuming the sequence-
predicted mass for each isotope peak. Masses of MH2
12
and MH3
13 ions were measured as the center of mass at
half-height of the observed peak (because isotope peaks
were not resolved). When more than one charged form
of a peptide was present, M values calculated for each
ion were averaged. Three data sets were discarded
when the singly charged ions showed an atypical
distribution of isotope peaks. Inspection of the m/z
values of several singly charged ions in each data set
showed no significant mass drift between samples.
Analysis of Observed and Intrinsic Deuterium
Exchange Rates
Measured peptide masses used in these analyses were
first corrected for artifactual in-exchange using the
equations:
Mt,corr 5 ~Mt 2 LM‘!/~1 2 L! (1)
and
L 5 ~M0 2 Mcalc!/~M‘ 2 Mcalc! (2)
where Mt,corr is the corrected peptide mass, Mt is the
observed peptide mass measured at time 5 t during the
in-exchange, M0 is the mass measured in the zero time
control, Mcalc is the theoretical average mass of the
peptide, M‘ is the theoretical mass at infinite in-
exchange, and (M‘ 2 Mcalc) is equal to the total
number of backbone amides in a peptide excluding
proline residues (see the Appendix for derivation of
eqs 1 and 2).
Progress curves for in-exchange of individual pep-
tides were each fit by nonlinear least squares (NLSQ) or
a maximum entropy method (MEM). In the first proce-
dure, data were fit by NLSQ (SigmaPlot) to the sum of
exponentials described by the equation:
Mt,corr 5 n 2 ae
2k1t 2 be2k2t 2 ce2k3t (3)
where n is the peptide mass after maximum in-ex-
change of deuterium (in 90% D2O), and a, b, and c are
the proportion of amides exchanging with rate con-
stants k1, k2, or k3, respectively. For peptides used in
this study, NLSQ convergence occurred within 20–30
iterations. Standard errors were less than 30% for a, b,
and c parameters and less than 50% for k1, k2, and k3
parameters.
For clarity of discussion, a, b, c, and n were some-
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times divided by 0.9, in order to normalize to 100%
D2O, and corrected for back-exchange, after which we
refer to them as A, B, and C, where N 5 A 1 B 1 C.
Back-exchange values (B.E.) were estimated for each
peptide by the following equation, discussed in Results:
B.E. 5 % artifactual in-exchange
1 (peptide elution time from HPLC in min
1 6 min) 3 1.0%/min (4)
This yielded an initial estimate of back-exchange for
each peptide. Many peptides appeared to reach maxi-
mal deuteration within 5 h, indicated if the standard
deviation of the last seven time points was less than or
equal to the average mass accuracy for these peptides in
water (0.013%). In these cases, the initial back-exchange
estimated was adjusted by assuming complete in-ex-
change of fast, intermediate, and slow amides, so that N
was an integral value, using the equation:
B.E. 5 100 3 @1 2 n/~0.9 N!# (5)
where N was chosen as an integral value that yielded
back-exchange comparable to the initial estimate (usu-
ally increasing by 1–5% over the initial estimate). For
example, if a peptide with eight amides reached a
plateau with n/0.9 5 4.8, and the estimated back-
exchange was 16%, yielding 5.7 deuterons, then N was
assumed to be equal to 6, and the back-exchange was
adjusted to 20%. For smaller peptides at maximal deu-
teration (N , 8), each adjusted value of A, B, and C
was generally integral, as well. For peptides still incor-
porating deuterium at 5 h, no adjustment was made to
the back-exchange beyond initial estimates.
The second procedure for estimating rate classes and
constants utilized a MEM which calculates probability
distributions of exchange rate constants based on max-
imal entropy, or uncertainty, of the distribution. An
algorithm for applying MEM to analysis of progress
curves of in-exchange was derived by Zhang et al. [17,
31], which maximizes the entropy:
S 5 2O fk@ln~ fk/A! 2 1# (6)
where fk is the probability of obtaining rate k, and A is
the most probable value of fk. Entropy maximization is
subject to the constraint
x2 5 O
t
~Dt
calc 2 Dt
exp!2/st
2 (7)
where Dt
exp is the observed deuteration at time
t(Mt,corr 2 Mcalc), Dt
calc is the deuteration at time t
calculated from the sum of exponentials, and st is the
standard deviation of deuteration at time t. The analy-
sis was executed using the computer program
LAPLACE, written and provided by Dr. Zhongqi
Zhang [17, 31].
Intrinsic exchange rates for amides within peptides
of different sequences were calculated as described by
Bai et al. [14] using the computer program HXpep, also
written and provided by Zhongqi Zhang [17]. Predicted
isotope distributions were calculated using Excel, in a
two-step calculation as described in Verma et al. [32],
using ratios for isotope peaks measured in water to
account for peak anisotropy. Data output from MEM
was transferred to Excel for preparation of figures for
publication and to quantify areas under the peaks.
Measurement of Amide Hydrogen Bond Lengths
and Distances to the Protein Surfaces
The structures of wild-type rat ERK2 and horse heart
cytochrome c were analyzed from X-ray coordinates
(ERK2: [28], PDB accession number 1ERK; cytochrome
c: [33], PDB accession number 1HRC), using InsightII
95.0 (Biosym/MSI) on a Silicon Graphics Indigo2 com-
puter. Figures for publication were prepared in Illustra-
tor (Adobe). The monomers showed no significant
crystal contacts. The distance from each amide hydro-
gen to the molecule surface was measured using a
surface calculated with the Connolly algorithm [34] and
a probe radius of 1.4 Å. The shortest distance between
each amide hydrogen and the surface was calculated
using the program MINSURF, written by Dr. L. Mayne
and provided by Dr. John Milne and Dr. S. Walter
Englander. A fixed distance to the accessible solvent of
1.2 Å was subtracted from all distances in order to
calculate a distance of 0 Å for amide hydrogens at the
surface [12].
Hydrogen bonds were identified with InsightII, set-
ting the donor (D) to acceptor (A) distance to less than
4.0 Å, the H–A bond distance less than 3.0 Å, and the
D–H–A and C–A–H angles greater than 90°. D–A and
H–A bond distances longer than 3.5 and 2.5 Å, respec-
tively, were categorized as “extended” and angles less
than 95° and greater than 90° were categorized as
“strained.” In some cases, hydrogen bonds appeared to
be incorrectly placed; these were ascribed to error in the
2.3 Å structure, and were adjusted to conform to
hydrogen bonding rules by the following criteria: (1)
We assumed that stable hydrogen bonding occurred on
residues located within secondary structures; therefore,
extended hydrogen bonds at backbone amides located
within a helices or b sheets were shortened to 2.35 Å. (2)
Hydrogen bonds of residues to their own side chain
acceptors were removed, when side chains were located
at surfaces between the hydrogen and solvent, but
appeared to be free to rotate away. (3) We assumed that
buried nonhydrogen bonded amides were energetically
unfavorable to protein stability. Therefore, a hydrogen
bond of length 2.5 Å was added when an unbonded
amide hydrogen was located .0.9 Å from the surface,
and the residue was adjacent to at least one amino acid
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residue containing a backbone hydrogen bond. In two
cases, hydrogen bonds were also added when un-
bonded amide hydrogens were located 0.6–0.9 Å from
the surface, and were between two residues containing
backbone hydrogen bonds.
Results and Discussion
Methods for Data Collection
The ideal way to carry out a deuterium exchange mass
spectrometry pepsin digestion experiment is to apply
the digest to a fast flow HPLC column directly coupled
to a mass spectrometer. The first step in developing a
protocol is to vary the ratio of pepsin to protein, in
order to optimize peptide length against recovery from
the HPLC column. Peptides resulting from protein
digestion must be relatively small and encompass most
or all of the sequence. However, peptides that are very
small and hydrophilic often fail to bind to the fast flow
reversed phase resin and are not observed. For ERK2,
the optimum distribution was obtained using 120 pmol
of kinase and 90 pmol pepsin for each measurement.
Sixty-seven peptides were generated, ranging in length
from 4 to 33 residues, and averaging 15 amino acids.
Next, peptide identities must be confirmed by LC/
MS/MS sequencing (e.g., Figure 1b, d), because the
cleavage specificity of pepsin is not well defined. Vary-
ing time and temperature often alters the sites of
preferred cleavage; therefore LC/MS/MS must be per-
formed under conditions identical to those used in the
deuterium exchange experiment. These data showed
that the full set of peptides covered 99% of the full
Figure 1. Progress curves and MS/MS spectra of fully exchanging or nonexchanging peptides from
ERK2. (a) Peptide 22 shows complete in-exchange within 30 s and (c) peptide F/15 shows no exchange
during the 320 min time course. Insets show exchange behavior at early times. Data are not
normalized for dilution of D2O or back-exchange. Mass measurements for peptide 22: MH2O 5 631.7
Da, M0 5 632.0 Da (artifactual in-exchange 7%), M (plateau, 5 h) 5 634.8 Da. Peptide F/15: MH2O 5
2148.6 Da, M0 5 2149.4 (artifactual in-exchange 5 5%), a small in-exchange is seen in all data points,
including the zero time control, M (plateau, 5 h) 5 2148.4 Da. (b, d) Corresponding MS/MS spectra
confirm amino acid sequences of each peptide, where peaks with masses within 0.3 Da of predicted
a and b ions are labeled. MS/MS spectra of peptides generated by pepsin digestion are normally
dominated by b ions, because basic residues are seldom found at their C-termini. In addition, these
spectra often include ions that appear to represent release of internal residues from cyclized b ions. In
the spectrum of peptide 22, many of the major fragments appear to be derived from internal cleavages
of a cyclized b4 ion, including those from side-chains of Arg; e.g., m/z 344.5 corresponds to release of
Thr. In the spectrum of peptide F/15, major fragment ions are produced by cleavage around the N-
and C-termini, by internal cleavages, and by generation of immonium ions.
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length sequence of ERK2 (not shown). A subset of the
peptides (encompassing 82% of the sequence), suitable
for modeling exchange behavior against the X-ray
structure, was chosen for analysis in this study (peptide
sequences and nomenclature given in Figure 2).
For small proteins, in-exchange is typically initiated
by resuspending a lyophilized sample in buffered D2O.
However, ERK2 activity is unstable to lyophilization;
therefore hydrogen exchange was initiated by diluting a
concentrated ERK2 solution into D2O (90% (v/v) final
concentration of D2O) and quenched by cooling and
adding an equal volume of acidic buffer (45% (v/v) final
concentration of D2O). With accurate timing of each
step and good temperature control, variation in the
mass measurement could be kept to that seen in water.
With some peptides, there was no detectable change in
mass after a certain time; thus measurements at later
time points could be used to measure mass accuracy.
For example, the standard deviation of points greater
than 2 min for peptide 22 was 0.012% relative to the
average mass (Figure 1a), and 0.010% for peptide F/15
(Figure 1c). In comparison, replicate measurements in
water showed standard deviations of 0.013% and
0.015% for these peptides.
During subsequent peptide separation and analysis
by LC/MS in aqueous solvent (0 °C, pH 2.5), deuterons
incorporated into the amino acid side chains or N- and
C-termini rapidly exchange back to hydrogen. Back-
exchange of the backbone amides hydrogens also oc-
curs, but at low temperature and at pH 2.5–3, their rate
of exchange is sufficiently slow to allow analysis [14, 15
and references therein]. For many applications of pep-
sin mapping/deuterium exchange, it is only necessary
to identify rate changes in the same peptide between
different experimental situations, or between mutated
forms of a protein. In those situations, back-exchange
corrections are simply scaling factors, and are not
required (although subtle changes are more difficult to
observe under conditions of high back-exchange). How-
ever, when making detailed correlations with structure,
back-exchange scaling is necessary to estimate the num-
ber of amides that are exchanging or to compare over-
lapping proteolytic products that may have different
back-exchange rates.
Back-exchange Measurements
In studies with small proteins, back-exchange is often
measured from fully in-exchanged protein, which is
generated by heating in D2O to achieve complete deu-
Figure 2. ERK2 peptides analyzed in this study. The sequence of rat ERK2 is shown, indicating the
positions of a helices (zigzag lines) and b sheets (arrows) based on the X-ray structure of Zhang et al.
[24]. Peptides observed in pepsin digests are numbered from the N-terminus and incomplete products
are indicated (e.g., 9/10). Short overlaps consisting of 1–2 residues are indicated by addition of
residues to the peptide number (e.g., 12ME). Peptides analyzed for correlation between nonexchang-
ing amide hydrogens and surface accessibility (see Figure 6) are indicated by shaded bars below the
sequence of rat ERK2. Peptides examined for rate prediction (Figure 10) are outlined in bold.
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teration of an unfolded, random coil [6–10]. With
kinases, heat denaturation usually leads to formation of
insoluble aggregates or to irreversible absorption on
surfaces, because unfolding exposes hydrophobic sur-
faces. In our previous studies with MAP kinase kinase
[30], an alternative strategy was used to measure back-
exchange, in which the kinase was digested with pep-
sin, digests were desalted and removed from pepsin by
HPLC, and the resulting peptides were deuterated by
heating in D2O followed by treatment in the same
manner as the experimental samples. Analysis of sev-
eral smaller peptides showed an average back-exchange
of 12% [30]. However, recovery of larger peptides was
poor and several medium sized peptides showed ob-
served masses significantly lower in the back-exchange
control than in the experimental samples. This indicates
that back-exchange can be significantly overestimated,
presumably due to aggregation or differences in struc-
ture between peptides in solution versus within the
protein.
Most of the ERK2 peptides were medium or large in
size, so the predigestion strategy was not suitable, and
a new approach for estimating the back-exchange was
devised. This approach assumes that total back-ex-
change is the sum of back-exchange occurring indepen-
dently in two phases of the experiment, during (i)
digestion in 45% D2O, and (ii) wash and elution of the
HPLC column. In the first phase, back-exchange should
occur at approximately the same rate as artifactual
in-exchange, because both processes are due to hydro-
gen exchange under the same conditions. Thus B.E.
(phase 1) 5 1.2 3 (artifactual in-exchange), where the
scaling factor of 1.2 reflects the ratio of H2O solvent in
the back-exchange normalized to D2O in the artifactual
in-exchange (0.55/0.45). Artifactual in-exchange is easy
to measure in zero time controls, where samples are
acidified and cooled prior to D2O addition. For exam-
ple, Figs. 3A, B compare spectra of peptide 12 (IVQDL)
in H2O versus the zero time control, where artifactual
in-exchange equalling 3.5% is calculated from the dif-
ference between the predicted weighted average pep-
tide mass (Mcalc 5 586.70) versus the zero time control
(M0 5 586.84), normalized to the total number of
backbone amides. In general, these values ranged be-
tween 4 and 11% for all peptides, which was higher
than the 1–5% measured in our previous study [26], due
to modifications in protocol during the first 25 s of
deuterium exchange that minimized freezing of D2O
(see Methods). Low artifactual exchange in some pep-
tides is illustrated by peptide F/15, which showed no
detectable in-exchange in 5 h beyond the mass mea-
sured in the zero time control (Figure 1c).
Back-exchange during the second phase involving
HPLC wash and elution was estimated from previous
experiments with MAP kinase kinase digests [30]. The
length of time of washing was varied (6, 12, and 30
min), from which the rate of increase in back-exchange
was measured by the loss of deuteration versus time
(data not shown). The average back-exchange for 10
peptides increased by approximately 1% per minute,
under these HPLC conditions. Therefore, B.E. (phase
2) 5 [HPLC wash time (6 min) 1 HPLC elution
time] 3 1%. Total back-exchange can be estimated as
the sum of B.E. (phase 1) 1 B.E. (phase 2).
This approach for estimating back-exchange could
be verified by analyzing peptides that appeared to be
completely deuterated. For example, the observed mass
increase of peptide 22 (VATRW, Mcalc 5 631.74), was
3.08 Da (Figure 1a, b); after correcting for 90% D2O, the
total increase was 3.4 Da. Because maximal deuteration
was reached within 35 s, we infer that an integral
number of amides have exchanged. The rapid plateau
value is inconsistent with deuteration of the tryptophan
side chain, which, when it occurs, has an exchange rate
around 1024/min [12], and deuteration at Thr or Arg
side chains would back-exchange during HPLC. There-
fore, deuteration reflects four backbone amides, yield-
ing a measured back-exchange of [1 2 (3.4/4)] 3
100 5 15% for this peptide. Artifactual in-exchange was
measured as 10%, the wash step was 6 min, and the
peptide eluted at 3.1 min, yielding a predicted back-
exchange of (1.2 3 10%) 1 (6 1 3.1) 3 1% 5 21%, rea-
sonably close to 15%, given that the error in the calcu-
lation is larger for small peptides. Similarly, the
C-terminal peptide 36 (EETARFQPGYRS, Mcalc 5
Figure 3. Isotope peaks resolved for singly charged peptides
show low artifactural in-exchange and low back-exchange. Spectra
of peptide 12 are observed in water (a), in the zero time control (b),
and after reaching maximal deuteration (c). In panels (c) and (d),
predicted isotope distributions for two models are indicated by
bars, in which two amides were completely in-exchanged, with
16% back-exchange (c), and three amides were completely in-
exchanged, with 44% back-exchange (d). Comparison of predicted
with observed intensities indicate that the 16% back-exchange
model is supported by the observed isotope distribution.
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1440.55 Da), located at the surface of the protein,
showed total mass increase of 7.69 Da (after correcting
for 90% D2O), with no detectable change in mass after
60 min. The peptide has 10 amides; thus the measured
back-exchange 5 (1 2 7.69/10) 3 100 5 23%. Artifac-
tual in-exchange was 6%, and the peptide eluted at 4.2
min; therefore, the predicted back-exchange is (1.2 3
6%) 1 (6 1 4.2) 3 1% 5 17%.
The back-exchange can also be verified from the
distribution of isotope peaks in small, singly charged
ions. For example, in Figure 3c, peptide 12 (IVQDL,
Mcalc 5 586.70 Da) reached maximal deuteration to 1.68
within 90 min, after correcting for artifactual in-ex-
change and 90% D2O (Figure 7c). Back-exchange would
be 44% if three of the four amides in this peptide were
completely exchanged and one were nonexchanging,
and 16% if only two of four were exchanged and two
were nonexchanging. The two possibilities can be tested
by calculating their isotope distributions as described
by Verma et al. [32]. Figure 3c, d shows that the
observed isotope distribution is most consistent with
the 16% back-exchange model, which is in agreement
with the estimated back-exchange of 13% (artifactual
in-exchange 3.5%; elution time, 2.6 min).
Estimating Hydrogen Exchange Rates
In previous studies, progress curves for deuterium
exchange were fit by NLSQ to sums of weighted
exponentials [4, 8, 9]. Recently, a MEM, derived from
information theory, was suggested as an alternative
approach [17]. In order to compare these two methods,
10 peptides from ERK2 with high signal/noise were
chosen (Figure 2). The data were of quality sufficient to
enable NLSQ fitting to a three-exponential model. For
convenience, we will group the backbone amides into
fast (k1 . 2 min
21), intermediate (2 min21 . k2 . 0.1
min21), and slow (0.1 min21 . k3 . 0.002 min
21)
exchanging classes, although exchange rates were not
necessarily clustered over all peptides. Because kinase
activity declines after prolonged incubation in D2O,
data were not collected past 5 h, which meant that very
slowly exchanging amide hydrogens (k , 0.002 min21)
would not be detected, referred to as the nonexchang-
ing (NE) amides. In addition, the dead time of the
experiment was 7 s; therefore rates of very fast exchang-
ing amides (.20 min21) are poorly determined.
Data were corrected for artifactual in-exchange be-
fore fitting, because this correction influences the dis-
tribution between rate classes (see the Appendix). As
described in the Experimental section, n is the mass at
apparent equilibrium and a, b, and c are NLSQ esti-
mates of the number of mass units for each class of
amide hydrogens, exchanging at rate k1, k2, and k3;
when normalized to 100% D2O and corrected for back-
exchange, the number of units in each class is referred
to as A, B, and C, and N is their sum. For example,
peptide 14 (Figure 4a) fit to a sum of two exponentials,
with a 5 2.45 (s 5 0.24) and b 5 1.54 (0.20) ex-
changing with rate constants k1 5 5.7 (1.1) min
21 and
k2 5 0.009 (0.004) min
21, respectively. Artifactual in-
exchange was 7% and the peptide eluted at 5 min; thus
estimated back-exchange was 19.4% and calculated
values for A 5 3.4 (0.3) and B 5 2.1 (0.3). The total
number of amides was 15; if we assume this peptide is
maximally exchanged, then N 5 5 and NE 5 10; how-
ever, examination of the progress curve at late times
indicates that one or more very slow exchanging
amides may be present, which would be consistent with
the relatively small value of k2.
MEM fitting yields a probability distribution, where
rate constants are plotted as incremental groupings
against the probability of observing a given rate con-
stant (e.g., Figure 4b, d). Like NLSQ, MEM often re-
solved amide rate constants into fast, intermediate, and
slow classes. Slow amides in the range 0.0007 , k ,
0.002 min21 or fast amides .20 min21 were repre-
sented by fixed probabilities at upper and lower limits.
Back-exchange corrections were made before MEM
fitting, which affected only the scaling, not the shape of
the curve, such that the total area under the curve
corresponds to the number of backbone amides. In
simple cases, individual peaks were resolved with areas
that matched A, B, and C values derived from NLSQ
(e.g., Figure 4), and for small, well-behaved peptides,
the midpoint of the MEM peaks matched rate constants
determined by NLSQ. For example, comparison of the
MEM fit for peptide 14 (Figure 4b) shows two peaks
with rates at maximal probabilities that were similar to
rates obtained with NLSQ, and ratio of peak areas that
were similar to the ratio of A to B. That the slow peak
was broad and skewed toward the left suggests that one
of the two slow amides has an ill-determined rate. The
presence of a very slow exchanging amide is suggested
by the fixed probability at the lowest rates. A similar
comparison for peptide 6 is also shown (Figure 4c, d),
where three rate classes were observed with good
agreement between MEM and NLSQ fitting. Deutera-
tion of this peptide appeared to reach a plateau,
whereas peptide 14 was still increasing after 5 h; thus
the low rate region of the MEM plot was better deter-
mined for peptide 6 than peptide 14.
Relationships Between Exchange Rates and Kinase
Structure
In many cases, it was possible to assign exchange rates
to specific amide hydrogens, by examining peptides
that showed complete in-exchange, no in-exchange, or
overlapping sequences with other peptides. It was then
useful to interpret exchange rate constant measure-
ments in the context of protein structure, in order to ask
whether structural measurements could be used to
rationalize rate constants in a semiquantitative manner.
Therefore, calculated hydrogen atoms were incorpo-
rated into a structure derived from X-ray coordinates of
ERK2 [28]. Hydrogen bonds involving backbone
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amides were identified, and the hydrogen bond lengths
and surface accessibility of each amide hydrogen were
determined. Surface accessibility was estimated as the
shortest distance calculated between each amide hydro-
gen and the surface of the molecule; the deepest amide
hydrogen was 6.2 Å from the surface. In some cases,
hydrogen bonds were adjusted using defined criteria
according to realistic expectations, as described in Ex-
perimental methods. Hydrogen bond interactions that
would affect rigidity of the backbone and an ability of
the hydrogen atom to easily rotate into contact with the
solvent were also noted.
Buried, hydrogen bonded amides show little or no exchange.
ERK2 consists of two domains joined by a hinge, with
the active site located between the two domains (Figure
5a). The N-proximal domain binds ATP beneath a
five-stranded b sheet (b1–b5), that is buttressed by two
helices (aC and aL16; see Figure 2 for secondary
structure nomenclature and residue numbering). Four
short b strands (b6–b9) form the active site interface
between the domains. The C-proximal domain is dom-
inated by a helices, two of which span the domain (aE
and aF). As expected, backbone amides in buried
secondary structure did not exchange significantly
within 5 h. For example, peptide F/15 (res. 127–144)
showed no detectable in-exchange (Figure 2c). All of the
backbone amides in peptide F/15 were involved in
hydrogen bonding, most which interacted with a car-
bonyl oxygen consistent with their location within aE
or b6, and were buried between 2.2 and 6.5 Å from the
surface. The exception was Ser140, which was only 0.8 Å
from the surface, but was involved in two potential
hydrogen bonds, to Lys136 (2.3 Å, 161°) and Tyr137 (2.6
Å, 121°). Its side chain oxygen was also hydrogen
bonded to the backbone amide of Ala323, reflecting
structural rigidity that would resist any rotation of the
amide hydrogens towards the solvent. Thus, the ab-
sence of exchange into all of the amides in peptide F/15
could be rationalized from the structure, in that each of
these amide hydrogens was buried at least 2.2 Å from
the surface, stably hydrogen bonded, or rigidly held
away from the solvent by side-chain interactions.
Another instructive example was peptide 16 (res.
145–153), which spans parts of strands b6 and b7,
together with a short connecting loop (Figure 2). The
exchange data fit to one exponential with A 5 1, k1 5
23 min21 (not shown); thus this peptide has six nonex-
Figure 4. NLSQ and MEM analyses yield comparable results in most cases. Shown are data for
peptides 14 (a, b) and 6 (c, d). (a, c) Progress curves for in-exchange are shown with best fits from
NLSQ. (b, d) MEM analysis showing probability of abundances (y axis) as a function of rate constants
(x axis, in min21), with corresponding values of A, B, and C and rate constants from NLSQ indicated
by numbers and arrows, respectively. Note that areas under the MEM peaks approximate the number
of deuterons in each rate class, determined by NLSQ.
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changing amides and one fast exchanging amide. The
fast exchanging amide is probably in the loop and is
discussed in the next section. Each of the six nonex-
changing amides could be rationalized from the struc-
ture. Five amides in this peptide (Arg146, Asp147, Lys149,
Asn152, and Leu153) were hydrogen bonded within the b
strands, with distances to the surface of 2.5–3.0 Å. A
sixth amide hydrogen (Leu148) was only 1.4 Å from the
surface but was sterically restricted by hydrophobic
side-chain contacts.
To test whether numbers of NE amide hydrogens
could be estimated from measurements of surface ac-
cessibility, NE values derived from NLSQ were corre-
lated with the number of amide hydrogens located at
given distances from the protein surface. Nineteen
peptides with good NLSQ fits were chosen for this
analysis (78% coverage, indicated by shaded bars in
Figure 2). For each peptide, the number of NE amides
estimated from NLSQ were compared to the number of
amide hydrogens with SA $ 2.5, 2.2, 2.1, or 1.5 Å, based
on the X-ray structure. The best agreement was ob-
served with SA $ 2.2 Å, yielding LSQ slope 5 0.87 and
linear correlation coefficient r 5 0.89 (Figure 6).
Taken together, these results indicate that amide
hydrogens (on b strands or a helices) which are hydro-
Figure 5. X-ray structure of ERK2. (a) A diagram of the backbone atoms of ERK2 in the
unphosphorylated form, drawn from coordinates of Zhang et al. [24] (PDB accession number 1ERK),
shows the location of peptides 9–13 (dk gray), 14 (lt gray), F/15 (dk gray), 16 (lt gray), 22 (dk gray),
31 (dk gray), and 36 (lt gray), analyzed in this study. Note the two domains connected by a hinge with
the active site between the domains (at arrow); the N-proximal domain binds ATP beneath a
five-stranded b sheet, buttressed by two a helices, and the C-proximal domain binds the phospho-
acceptor substrate and consists primarily of a helices and loops. (b) Detailed view of the structure
around peptides 9, 9/10, 9/10/11, 11/12, 12, 12ME, and 13 (bold lines) showing surrounding residues
that interact with backbone amide hydrogens and carbonyls. Also shown are side chains of residue 86
and 92 that form hydrogen bonds with adjacent backbone amides of residues 87 and 95, respectively.
Residues are numbered, amide hydrogens are indicated by small open circles, and hydrogen bonds
are indicated by dotted lines. The shaded ball denotes the position of a fixed water molecule.
Figure 6. Correlation between number of NE amide hydrogens
and surface accessibility. The number of observed NE hydrogens
within each of 19 peptides was compared to the number of
hydrogens with SA $ 2.2 Å. NE was estimated as the difference
between total exchangable hydrogens and hydrogens exchanged
by 320 min (5 Y‘ 2 A 2 B 2 C), derived from NLSQ. SA is the
distance from an amide hydrogen to the protein surface, estimated
as described in Experimental. Data were fit by linear least squares,
with slope 5 0.87 and linear correlation coefficient r 5 0.89.
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gen bonded and buried by at least 2.2 Å will likely show
nonexchanging behavior on the time scale of this exper-
iment (k , 0.002 min21). Furthermore, amide hydro-
gens located closer to the surface may also show non-
exchanging behavior, if they are involved in extensive
hydrogen bonding or side-chain interactions that would
affect rotational freedom of the backbone. These prop-
erties are consistent with very slow in-exchange into
buried residues that are only exposed upon global
unfolding of proteins [2, 14, 16, 22, 23].
Surface exposed hydrogens can be significantly protected
from exchange. Amides that are completely exposed to
solvent (SA 5 0 Å) with no hydrogen bonding con-
straints should have exchange rates similar to their
intrinsic rates [3]; however, nearly every peptide in
ERK2 had at least one completely solvent exposed
amide that was clearly protected from exchange. A
good example was found in peptide 12 (res. 101–105),
which fit best to a two-exponential equation, with one
amide each exchanging with k1 5 0.22 (0.05) min
21
and k2 5 0.031 (0.008) min
21, and two nonexchanging
amides (Figure 7c). The Val102 amide is hydrogen
bonded and 5.1 Å from the surface, consistent with an
NE hydrogen. The Gln103 and Asp104 amides are both
2.4 Å from the surface with no indication for rotational
access to solvent or adjacent water, and probably rep-
resent the other NE amide and the slow amide. There-
fore by elimination, the amide hydrogen in Leu105 is
most likely exchanging at the intermediate rate of 0.22
min21. The intrinsic exchange rate at this residue is 39
min21; thus a substantial protection factor of 178 is
indicated. The X-ray structure shows complete surface
accessibility of Leu105 with no hydrogen bonds, and no
charged residues nearby to cause electrostriction [35].
A similar situation exists in peptide 22 (res. 186–190)
which showed complete in-exchange by 30 s, and fit by
NLSQ to a one-exponential equation (Figure 2a) with
A 5 4 (corrected for back-exchange of 26%) and k1 5
11.4 (0.7) min21. This sequence is located within a
surface loop referred to as the “activation lip,” a com-
mon site of phosphorylation of regulated protein ki-
nases [Figure 5a, and Ref. 28], where the X-ray structure
shows few constraints and no hydrogen bonding of
backbone amides. Amide hydrogens corresponding to
Thr188, Arg189, and Trp190 are close to the surface, at
distances ranging from 0.0 to 0.9 Å. Ala187 is 2.7 Å from
the surface, but several fixed water molecules are lo-
cated at the inner face of this loop, including one
adjacent to the amide of Ala187, suggesting that this
residue is actually solvent accessible in solution. The
intrinsic exchange rates for residues 187, 188, 189, and
190 at 10 °C were calculated as 163, 192, 429, and 145
min21, respectively [14]. The observed exchange rate of
11.4 min21 indicates that at least one of these amides
must have a protection factor of 15–40, although we
cannot infer that all amides with SA 5 0 Å were pro-
tected, because amides with k . 20 min21 were ill
determined.
Using deuterium exchange fast quench experiments,
Dharmasiri and Smith [13] also demonstrated many
surface exposed amide hydrogens in cytochrome c with
significant protection of exchange rates. One way to
explain restriction of exchange on surface exposed
amides is to postulate flexibility of the backbone con-
formation. Although an X-ray structure may show only
one form in a solvent exposed conformation, multiple
conformations may exist in solution, some of which
bury the amide. The proportion of time the amide is
inaccessible to solvent will determine the magnitude of
protection.
Solvent protected hydrogens can exchange rapidly. A
“multiple conformations” model for the protein surface
may explain another anomaly, in which amides ex-
change more rapidly than expected. For example, the
single fast exchanging amide hydrogen in peptide 16
(see above) with k . 23 min21 (intrinsic rate 5 304
min21) is not immediately explainable from the X-ray
structure, because none of the amides in this sequence
are located at the surface. However, the amide of Ser151
(SA 5 1.2 Å) is hydrogen bonded to its own side-chain
hydroxyl oxygen. This side chain could easily rotate to
the side, allowing solvent access to the amide hydrogen.
A second example is in peptide 9 (res. 87–90, Figure 7a,
b) which has two fast exchanging amides (k1 5 11.5
(1.5) min21) and one NE amide. Only Ala90 is near the
surface (0.2 Å) and not hydrogen bonded, as expected
for a fast exchanging amide, and Ile88 is both hydrogen
bonded (in strand b4) and buried 2.7 Å from the
surface, consistent with properties expected of the NE
amide. Thus Arg89 must be fast exchanging; however,
its amide hydrogen is 1.6 Å from the surface.
Peptides 9, 12, 16, and 22 thus illustrate a caveat
when interpreting surface accessibility of amide hydro-
gens. Proteins are typically crystallized in solvents that
promote protein–protein association and minimize pro-
tein–solvent interactions. Consequently, crystal struc-
tures may show surface structures that are not true
representations of solution conformation, where dy-
namic motions and extended loop conformations may
predominate as reflected by enhanced hydrogen ex-
change.
Constructing models for exchange in regions with mixed rate
constants. An example of how exchange behavior can
be modelled with larger peptides is illustrated for the
region spanning residues 87–100. Seven peptides with
overlapping sequences due to incomplete proteolysis
were derived from this region (9, 9/10, 9/10/11, 11/12,
12, 12ME, and 13, summarized in Figures 5b and 8).
Peptides 9 and 12 were discussed above, where Ile88
was identified as a NE amide, Arg89 and Ala90 were fast
exchangers, Val102 and Gln103 were NE, and Asp104 and
Asn105 were, respectively, 0.03 and 0.2 min
21. Peptide
11/12 (res. 99–105) has a progress curve for in-exchange
identical to that of peptide 12 (res. 101–105) (Figure 7c,
d); therefore, amide hydrogens corresponding to Tyr100
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and Ile101 must be nonexchanging. Peptides 9/10 (res.
87–98) and 9/10/11 (res. 87–100) also showed identical
progress curves (Figure 7e), indicating that amide hy-
drogens corresponding to Val99 and Tyr100 are nonex-
changing. These assignments agree with structural in-
formation showing that Val99, Tyr100, and Ile101 are all
hydrogen bonded (in strand b5) and respectively bur-
ied 2.9, 3.3, and 3.9 Å from the surface.
As discussed above, peptide 12 has one intermediate,
one slow, and two NE amides, respectively assigned to
Figure 7. NLSQ and MEM analysis of peptides with overlapping sequences in the region between
residues 87–110. Shown are comparisons of (a, b) peptide 9, (c, d) peptides 12 and 11/12, and (e, f)
peptides 9/10 and 9/10/11. Best fit values from (a, c, e) NLSQ and (b, d, f) MEM analyses are
indicated in Results. Note that for shorter peptides, subtle differences can be detected. For example,
when the constraint A 5 B was assumed for peptide 12, NLSQ yielded k1 5 0.22 (0.05) min
21 and
k2 5 0.031 (0.008) min
21. Consistent with these results, MEM analysis resolved two peaks of
approximately equal area (panel d), and maximum probability at 0.20 and 0.04 min21. Similarly, MEM
resolved two fast amides in peptide 9/10 that were unresolved by NLSQ.
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Leu105, Asp104, Val102, and Gln103. Peptide 12ME (res.
101–107) fit best to a two-exponential equation (Figure
8), modeled as two fast (k1 5 6 min
21), two intermedi-
ate (k2 5 0.2 min
21) and two nonexchanging amides
(28% back-exchange). Thus, the residues unique to
12ME (Met106 and Glu107) both exchange rapidly, con-
sistent with their surface location (Glu107 has a hydro-
gen bond to its own side chain that is easily rotated
away). Peptide 13 (res. 106–110) overlaps with peptide
12ME and is best fit with a model of one fast (k1 5 1.7
min21), one slow (k3 5 0.02 min
21), and two NE
amides (Figure 8, 27% back-exchange). Glu107 must be
the fast amide (from 12ME results); examination of
MEM results indicate the other fast amide in 12ME is ill
determined, and is assigned a rate .20 min21. Thr100,
Asp109, and Leu110 are thus the slow or nonexchanging
amides. Leu110 is 4.4 Å from the surface and hydrogen
bonded and is likely to be one of the NE amides. Thr108
and Asp109 have similar surface accessibility and both
are involved in hydrogen bonds; therefore it is difficult
to discriminate between the slow versus NE amide from
this information.
With larger peptides, it was helpful to combine
information from NLSQ and MEM, as well as to con-
strain the fitting using information from smaller pep-
tides. For example, peptides 9/10 and 9/10/11 fit to
three exponentials by NLSQ and gave nearly identical
results within error, but the back-exchange scaling was
ambiguous, indicating that the number of exchanging
amides (N) was either 9 or 10. Exchange of 10 amides
was inconsistent with the results from peptide 9, show-
ing one NE amide. Indeed, reanalysis of peptides 9/10
and 9/10/11 with constraints k1 5 11.5 min
21 and
NE 5 1 (based on results for peptide 9), yielded A 5
1.8 (0.4), B 5 5.1 (0.3), C 5 2.1 (0.2), k2 5 0.9 (0.1)
min21 and k3 5 0.023 (0.006) min
21. Standard devia-
tions of the residuals for unconstrained versus con-
strained NLSQ were 0.15 vs 0.17, indicating that the two
solutions were comparable. Inspection of the MEM
probability curve for 9/10 revealed four inflections at
k 5 8.8, 1.8, 0.4, and 0.009 min21 with area ratios of
2:2:3:2 (Figure 7f); however, it was not possible to
unambiguously assign these rates to specific amides,
except for Ile89 and Arg90 which are represented by the
two fastest rates.
This analysis illustrates how models can be devel-
oped that assign exchange rates to individual amide
hydrogens, based on structural features and exchange
behavior of single and overlapping peptides. Rate as-
signments in peptides 9–12 were reasonably well de-
fined between residues 88–90 and 99–107, and residue
110. In the loop between Asp104 to Thr108, estimated
protection factors showed a graded decrease of protec-
tion toward the center of the loop, as would be expected
if conformational freedom played a role in restriction of
exchange. Less well defined were Thr108, Asp109 and
Figure 8. Summary of exchange model for the sequence spanning residues 87–100. Amino acids are
indicated by the one letter code with amide numbers to the left of each residue. At the top, arrows
pointing up indicate amide hydrogen bonds and bond lengths (Å) to various acceptors at residue side
chains or carbonyl oxygen are indicated. Arrows pointing down indicate hydrogen bonding to
carbonyls adjacent to the amides. At the bottom, observed peptides are shown by horizontal bars,
indicating stoichiometries and rates (min21) determined by NLSQ. In the middle, surface accessibil-
ities (SA) and intrinsic rate constants (kint) are indicated for each amide hydrogen. Assignment of an
approximate kex to each amide is based on NLSQ and MEM analysis of peptides 9, 9/10, 9/10/11,
11/22, 12, 12ME, and 13, as described in Results, where numbers in italics represent assignments of
hydrogen bonds to residues buried by $1 Å. Rate constants in italics indicate tentative assignments.
Estimated protection factors (P) for NE amides were calculated assuming k . 0.002 min21.
697J Am Soc Mass Spectrom 1999, 10, 685–702 DEUTERIUM EXCHANGE BEHAVIOR
residues in the loop between Thr92 to Asp98. Further
inferences based on structure were used to assign rates
to these residues, as discussed below.
Predicting Rate Constants from Structure
The analysis above showed that more information
about determinants of exchange rates in the intermedi-
ate and slow classes were needed to assign rates to
specific amides in deuterium exchange mass spectrom-
etry experiments. To gain further insight into this
question, deuterium exchange rates measured by Milne
et al. [12] for horse heart cytochrome c were examined
against quantitative indices based on the X-ray struc-
ture of this protein [33]. Exchange data were measured
by NMR between 2 min and 400 h, and included amide
hydrogens whose exchange rate constants were less
than approximately 0.5 min21. These mostly represent
hydrogen bonded amides, both those in secondary
structure such as helices, but also hydrogen bonded
“kinks” within loops, where two or three adjacent
residues fold back and hydrogen bond with adjacent
residues (see res. 92–96 in Figure 8).
Restriction of an intrinsic exchange rate is usually
expressed as the logarithm of a protection factor (log10
P). Previous analyses have noted only weak correla-
tions between log P with hydrogen bond length (corre-
lation coefficient r 5 20.2) or distance from the mole-
cule surface (r 5 0.2) [12]. We hypothesized that better
correlations might emerge if more complex relation-
ships were tested. Protection factors were fit by least
squares to an equation of the form:
log~P! 5 log ~kex/kint! 5 u*~SA! 1 v/~HB! (8)
where kex is the observed exchange rate of an amide
hydrogen, kint is the intrinsic exchange rate calculated
according to Bai et al. [14], SA is the distance from the
surface in angstroms, and HB is the hydrogen bond
length to an acceptor. Least squares yielded best fits of
u 5 0.76 (0.22) and v 5 8.2 (0.8). This analysis, which
compares log P to surface accessibility and hydrogen
bond length alone, resulted in a relatively weak corre-
lation (r 5 0.55, Figure 9a). The greatest deviations
were due to amide hydrogens from the middle of long
a helices, consistent with observations that there is a
gradient of increasing protection factors as one moves
away from the end of an alpha helix [12, 18, 22]. This is
often explained as reflecting the probability of “fraying”
or unwinding of the helix from its ends.
We therefore included an additional variable to
account for the decreasing probability of helical open-
ing as a function of amide position within a helix. When
amides were located within alpha helices, a linear
relationship was included between log P and the vari-
able, “HP,” which represents the shortest distance in
residues to the first turn of the helix. The same data
were fit to the equation
log~P! 5 log ~kex/kint!
5 u*~SA! 1 v/~HB! 1 w*~HP! (9)
Values for parameters obtained from NLSQ fitting
were u 5 0.55 (0.16), v 5 7.9 (0.6), w 5 0.64 (0.10).
The linear correlation coefficient was r 5 0.78 with
slope of 0.96 (Figure 9b). Thus, an empirical relationship
could be found that correlated the magnitude of the
protection factor for cytochrome c amides (log P . 3)
with hydrogen bonding, surface accessibility, and dis-
tance from the end of a helix.
Prediction of exchange rates for ERK2. We then tested
whether the empirical relationship described above was
predictive for the exchange rate constants determined
for ERK2. For this test, progress curves for thirteen
peptides were analyzed by NLSQ and MEM, three of
Figure 9. Empirical relationships between log P and surface
accessibility, hydrogen bond length, and helix index. Protection
factors measured by Milne et al. [31] correlated with functions (a)
u*SA 1 v/HB or (b) u*SA 1 v/HB 1w*HP. As described in
Experimental, input values of SA and HB represent surface
accessibility and hydrogen bond length of backbone amide nitro-
gens, and HP represents the distance of residues from helical ends.
Best fits of parameters u, v, and w were obtained and used to
calculate functions for each residue, which were then plotted
against corresponding values of log10(P).
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which are shown (Figure 10). The NLSQ values pro-
vided information about the estimated number of
amides exchanging in the peptide, while the MEM
analysis was most useful for inferring the distribution
of rate constants; we refer to these as “observed” values.
The “predicted” rate constants were calculated from
magnitudes of SA, HB, and HP derived from the X-ray
coordinates of ERK2, using eq 9 and the parameters
derived from cytochrome c, and each rate is represented
as a horizontal line whose length indicates the range of
rates calculated at u, v, and w values equal to one
standard deviation above and below the best estimates
of these parameters.
In general, theoretical rate calculations were able to
predict the observed number of NE amide hydrogens,
defined as those with rates less than 0.002 min21.
Typically, the number of NE amides correlated best
with observed when theoretical rate constants were
considered at their lower ranges, indicating that the
model systematically overestimated the accessibility of
amides; this may reflect differences in experimental
conditions between the measurements with ERK2 ver-
sus cytochrome c. Nevertheless, the correlations were
valid within the error range of the parameters, suggest-
ing that the model is predictive to a first approximation.
Theoretical rates also predicted the number of fast
amide hydrogens (defined as those with rates greater
than 2 min21) by simply identifying those close to the
surface, but because there were no associated hydrogen
bonds, predicted log P values ranged from 0 to 1.2. As
noted, many surface exposed amides were actually
protected with 10-fold higher values of P.
Predictive success was variable with the intermedi-
ate and slow rate classes. In eight of twelve peptides,
the observed number of amides with rates between 2
and 0.002 min21 could be accounted for within the
range of error (e.g., Figure 10a, b), although best corre-
lations were usually observed with higher estimates for
theoretical rates. In four examples, theoretical rates
were quite far from the observed rates (e.g., peptide 36,
Figure 10c), where nearly all amides in this peptide
exchanged with rates faster than calculated from eq 9
(Figure 10c). This example is intriguing because peptide
36 contains the C-terminus of ERK2, including part of a
helix (aL16), which predicts restricted exchange due to
helix constraints. The significant deviation between
predicted and observed rates suggests that greater
flexibility or disorder of the C-terminus occurs in solu-
tion than indicated by the X-ray structure.
Further assignment of exchange rates within peptides 9–12.
With the additional insight gained from analysis of
cytochrome c, ambiguities in the model of res. 87–110 in
peptides 9–12 (Figure 8) could be partially resolved. For
example, the amide hydrogen bond of Asp109 (1.9 Å)
was shorter than Thr108 (2.3 Å); therefore the rate
constants of Asp109 and Thr108 were assigned as NE and
k 5 0.007 min21, respectively. In the loop between
residues 89–92, the backbone amides of Gln95 and Met96
were hydrogen bonded and located .2.0 Å from the
surface. These form a hydrogen bonded “kink” involv-
ing adjacent residues which usually have high protec-
tion factors [12, 16]; therefore Gln95 and Met96 probably
represent the two slowest amides (Figure 8). If these
residues are assigned rates corresponding to k3 5 0.02
Figure 10. Prediction of exchange rates for ERK2 peptides.
Probability vs rate constants were calculated by MEM for peptides
23 (a), 31 (b), and 36 (c), with corresponding NLSQ amplitudes
and rate constants shown by numbers and arrows. Measurements
of SA, HB and HP were derived from the X-ray structure of ERK2
as described in Experimental. Lines indicate ranges of exchange
rate constants for each amide hydrogen, calculated assuming
log(P) 5 u*SA 1 v/HB 1 w*HP using estimates of u, v, and w
parameters derived from analysis of cytochrome c. High and low
rates are calculated assuming parameter values one standard
deviation above (u 5 0.71, v 5 8.5, w 5 0.74) or below (u 5
0.39, v 5 7.3, w 5 0.54) the best fit values. Triangles indicate
solvent accessible amide hydrogens, all with calculated protection
factors of 1. In (a) and (b), the empirical model predicts the
number of fast amides, although rates are overestimated; for
intermediate, slow and NE amides, observed values of kex oc-
curred within the range of error. In (c), observed exchange
occurred significantly faster than predicted from the model, which
might reflect enhanced motion at the C-terminus.
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min21 (peptides 9/10, 9/10/11) the resulting values of
log P (4.0, 4.2) are nearly equal to log P 5 4.1 predicted
from the cytochrome c model. MEM indicated that the
remaining five residues (Thr92, Ile93, Glu94, Lys97, Asp98)
had heterogeneous rates ranging from 0.3 to 3.0 min21,
and NLSQ indicated a single rate k2 5 0.9 min
21. These
amides had varying surface accessibilities, significant
conformational freedom, and possible electrostriction.
Because it is not clear how these variables translate into
protection of exchange, all five were assigned rates
equal to 0.9 min21, resulting in log P 5 1.5–2.5; other
rate assignments between 0.3 and 3.0 min21 produced
similar protection factors. These protection factors were
comparable to those seen in other surface exposed
amides where rates could be assigned more accurately
(e.g., Leu105, Glu107).
Conclusions
The primary goal of this study was to exemplify how
exchange rate constants can be compared against struc-
ture in a larger, multidomain protein. Deuterium in-
exchange experiments were performed for the unphos-
phorylated form of ERK2, under conditions that
minimized back-exchange and artifactual in-exchange.
Progress curves were then deconvoluted to obtain the
distribution of exchange rates in various peptides, com-
paring two approaches of NLSQ and MEM. These
approaches gave nearly identical results, although the
visual display of rate probabilities in MEM provided
better feedback on heterogeneity of rates and whether
fast or slow amides were well determined. The com-
bined use of NLSQ and MEM proved to be the most
powerful way to characterize exchange of a given
peptide.
Rates could be unambiguously assigned to specific
amides in cases where peptides were completely ex-
changed or completely refractory to exchange (e.g.,
peptides F/15, 22), or when peptides were incompletely
digested, resulting in overlapping sequences (e.g., pep-
tides encompassing peptides 9–13). The number of
nonexchanging amides (k , 0.002 min21) corre-
sponded well to the amide hydrogens buried at least 2.2
Å below the protein surface and stabilized by hydrogen
bonding or immobilized by side-chain hydrophobic
interactions or hydrogen bonds. These backbone
amides likely contribute to the molecule “core,” which,
in analogy to other proteins, is exposed during global
unfolding or denaturation [2, 14, 16, 22, 23]. Nonhydro-
gen bonded amides near the surface (SA , 0.5 Å) were
usually fast exchanging (k . 1 min21), and in some
cases showed rate constants indicating protection fac-
tors ranging from 3 to 178 (log P 5 0.5–2.2).
These rules were extended by developing an empir-
ical model for exchange based on NMR measurements
of cytochrome c, by correlating protection factors in
cytochrome c with surface accessibility, hydrogen bond
length, and helical structure. This accounted for much
of the exchange behavior of ERK2, particularly for those
amides with large protection factors (log P . 4),
typically found within stable secondary structures, hy-
drogen bonded near the ends of helices, or hydrogen
bonded in “kinks” within loops. The model was less
successful with amides with log P , 4 that were
generally found in the outer “shell” (generally SA , 2.2
Å), and included: (i) amides expected to exchange at the
intrinsic rate (SA 5 0 Å) that were clearly restricted, (ii)
nonhydrogen bonded, buried amides with sufficient
freedom for backbone rotation, turning the hydrogen
towards solvent, and (iii) buried amides that were
hydrogen bonded to side chains which were free to
rotate away. Presumably these discrepancies result
from mobility of residues near the surface of the protein
which create alternative conformations of loops that
shield or expose amides to access by solvent. This is
similar to the statistical model for exchange proposed
by Miller and Dill [22], where conformation freedom in
a simple model of a protein accounted for general
properties of deuterium exchange, reproducing both
mobile defects and unfolding behavior. Further studies
will determine if the observed protection factors in the
outer shell of the protein can be accounted for by such
statistical models, along with possible electrostriction
by nearby charged side chains [35].
This study represents a first step towards developing
a predictive algorithm for deuterium exchange, and
suggests that reasonable models describing exchange at
given peptides can be built. Although assignment of
individual hydrogen exchange rates should be ap-
proached cautiously, particularly for the intermediate
and fast exchange rates, these models provide a way to
analyze local interactions in proteins and provide guid-
ance for mutational and sequence prediction studies in
the context of kinase regulation.
Appendix
The following explains our correction for artifactual
in-exchange, presented in eqs 1 and 2. The fraction of
artifactual in-exchange at time 5 0 (L) is calculated
from the difference between the observed mass of a
peptide derived from the zero-time control (M0, see
Experimental) and the undeuterated mass of that pep-
tide (Mcalc), normalized to the total number of peptide
amide hydrogens in the peptide (M‘ 2 Mcalc):
L 5 ~M0 2 Mcalc!/~M‘ 2 Mcalc! (29)
For example, if a peptide of mass 1000 Da has 10
backbone amides, and its observed mass in the zero
time control is 1000.5 Da, then L 5 0.5/10, or 5%
fractional in-exchange (Figure 11).
After a given period of exchange into D2O (time 5
t), artifactual in-exchange after quenching cannot occur
on amides that have exchanged, but can still occur into
the remaining nonexchanged amides. We assume that
this occurs in the same fractional proportion as at t 5 0.
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Let the true and observed masses of a peptide after
deuteration for time 5 t be indicated as Mt,corr and Mt,
respectively (Figure 11). The artifactual in-exchange at
time 5 t (I.E.t) will be equal to L times the number of
amides remaining undeuterated:
I.E.t 5 L~M‘ 2 Mt,corr! (10)
For example, after deuteration of eight backbone
amides, artifactual in-exchange assumed to occur on the
two remaining amides would be 0.05 3 2 Da 5 0.1 Da.
The true mass at this time will be equal to the observed
mass minus this amount of artifactual in-exchange:
Mt,corr 5 Mt 2 L~M‘ 2 Mt,corr!
5 Mt 2 LM‘ 1 LMt,corr (11)
Rearranging this equation yields:
Mt,corr 5 ~Mt 2 LM‘!/~1 2 L! (19)
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